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ABSTRACT

SPECIFIC PHOSPHATE SORPTION MECHANISMS OF UNALTERED AND
ALTERED BIOCHAR

SEPTEMBER 2016
KATHRYN DARIA SZERLAG, B.S., UNIVERSITY OF MASSACHUSETTS
AMHERST
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Advised by: Dr. Baoshan Xing
Biochar has been shown to act as an effective sorbent for many organic and
inorganic contaminants (including phosphate) and can help to improve the quality of our
fresh water resources by preventing eutrophication. Most of the high efficiency biochar
phosphate-adsorbent feedstocks are modified with chemical pretreatment,
phytoremediation or anaerobic digestion to accumulate desired elements. The main
objectives of this project were to first engineer magnesium (Mg) and calcium (Ca) altered
biochar by chemical pretreatment followed by pyrolysis at either 350 or 550°C and
evaluate their phosphate adsorption rate and potential as compared to their unaltered
counterparts. Determination of surface physiochemical characteristics of the unaltered
(U350 and U550), Mg-altered (Mg350 and Mg550), and Ca-altered (Ca350 and Ca550)
hardwood biochars was also completed. The unaltered biochars did not adsorb any
phosphate which was likely due to a lack of Mg or Ca and crystalline structures as
confirmed by ICP-AES and XRD. Adsorption kinetics revealed that both the Ca-altered
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and Mg-altered biochars took about 10 days to reach equilibrium. The Langmuir isotherm
model was the best fitting model for all altered biochars and Mg550 adsorbed the most
phosphate with a Langmuir maximum capacity (Q) of 135.8 mg/g at pH 9. XRD spectra
confirmed crystallinity for both the Ca-altered and Mg-altered biochars for calcite
(CaCO3) on the Ca-altered biochar and both periclase (MgO) and brucite (Mg(OH)2) on
the Mg-altered biochars. SEM images of Mg550 followed by EDS confirmed the
presence of nano-sized flakes on the biochar surface and identified them as the primary
phosphate adsorption sites. SEM images of Ca550 identified globular, rather than flakey
structures on the biochar surface and EDS offered further confirmation that these were
calcite minerals. Although Ca350 and Ca550 adsorbed phosphate from solution, Mg350
and Mg550 exhibited a much greater phosphate sorption potential with Q at 18.91, 16.34,
39.59 and 135.8 mg/g (pH 9), respectively. This may be attributed to the morphological
differences between the highly crystalline flake-like structures of the Mg altered biochars
and the globular structures on the surface of the Ca altered biochars. The mechanisms
revealed for phosphate sorption include electrostatic interactions, precipitation, and
ligand exchange.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 A brief overview of biochar
1.1.1 Feedstock and pyrolysis
Biochar is a stable and carbon-rich charcoal that is derived by the pyrolysis of
plant biomass (Roberts et al., 2010). The plant biomass, or feedstock, used in the
creation of biochar is often from wood, agricultural or food wastes. Pyrolysis, as
described in Roberts et al. (2010), is “[t]he thermal decomposition of organic material in
the absence of oxygen.” The chemical and physical properties of biochar vary depending
upon pyrolysis conditions. The different parameters controlled when pyrolyzing biomass
materials include temperature, residence time, and pressure (Roberts et al., 2010). The
two main types are fast and slow pyrolysis, both of which form the co-products of char,
gas, and oils; while yields vary, typical yields of 35%, 35%, and 30% are expected,
respectively (Roberts et al., 2010). A small amount of energy, such as natural gas, is
needed to initiate combustion, after which, the gas and oil produced during pyrolysis can
be removed and used as a fuel source (Roberts et al., 2010). A major finding in a study
by Roberts et al. (2010) was that among the biochars they examined, all feedstocks had a
net positive energy balance, meaning more energy was produced than consumed during
the pyrolysis process (Figure 1).
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Biochar properties can be tailored to the intended use by varying feedstock or
pyrolysis temperature (Al-Wabel et al., 2013). In a study examining the effect of varying
pyrolysis temperature between 200-800°C on conocarpus waste, Al-Wabel et al. (2013)
found that pH, ash content, electrical conductivity, basic functional groups, carbon
stability, and total content of carbon (C), nitrogen (N), phosphorus (P), potassium (K),
calcium (Ca), and magnesium (Mg) all increased as pyrolysis temperatures increased. In
contrast, acidic functional groups, biochar yield, unstable carbon, and the total content of
oxygen (O), hydrogen (H), and sulfur (S) all decreased with increasing pyrolysis
temperature. These authors also state that the biochar produced at high temperatures had
a higher degree of aromaticity and a lower polarity than biochars produced at low
temperatures. As pyrolysis temperatures increased, there was a decrease in biochar yield
and was found to be 51.33%, 31.86%, 27.22%, and 23.19% at 200, 400, 600, and 800°C,
respectively.
1.1.2 Climate change mitigation
Biochar has the potential to mitigate global climate change by reducing two of the
three detrimental atmospheric greenhouse gasses, carbon dioxide (CO2) (Roberts et al.,
2010) and nitrous oxide (N2O; Wang et al., 2013; Amaloot et al., 2016; and Harter et al.,
2016). Rising CO2 levels have been correlated with a rise in global temperatures
(Roberts et al., 2010). N2O is of major concern because it has a global warming potential
298 times greater than that of CO2 (Wang et al., 2013). Plants have the unique ability to
fix carbon from the atmosphere using photosynthesis. When the CO2 once found in the
atmosphere is converted into plant biomass via photosynthesis, it is sequestered until the
plant dies. Through aerobic decomposition the plant releases CO2 back into the
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atmosphere via microbial respiration. If the plant biomass is diverted from natural
decomposition and is instead used as a feedstock for biochar production, the carbon cycle
is interrupted as the carbon found in the plant biomass has been converted into a much
more stable form as biochar. When biochar is applied to soil, it becomes a means of
carbon sequestration (Roberts et al., 2010; Figure 2).
Feedstock pyrolyzed at high temperatures leads to greater carbon stability of the
resulting biochar (Al-Wabel et al., 2013). Greater carbon stability is ideal if the purpose
of the biochar is to sequester carbon from the atmosphere. Once the high temperature
biochar is added to the soil, it will be more resistant to decomposition than the low
temperature biochar (Al-Wabel et al., 2013). The high temperature biochar will persist
for a very long time, therefore sequestering carbon for a longer period of time than
biochar formed at low temperatures (Al-Wabel et al., 2013).
Wang et al. (2013) found that biochar produced from giant reed (Arundo donax
L.) could be added to agricultural soil to prevent N2O emissions. The authors speculate
that the N2O emission reduction of the biochar-amended soils was due to a decrease in
denitrification and an increase in nitrogen immobilization. Ameloot et al. (2016) found
that even after a seven-month incubation period, biochar applied to loam textured soils in
both disturbed and undisturbed settings continued to reduce the nitrous oxide emissions.
The authors also stated that there may even be denitrification hotspots that completely
reduce N2O to nitrogen gas (N2). N2 is an inert gas and makes up a large part of our
atmosphere, so by reducing harmful N2O emissions by applying biochar to soil seemingly
offers a way to actively mitigate climate change not only through carbon sequestration
but also through N2O soil emission reduction.
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1.1.3 Soil amendment
Over the past 50 years, agriculture has experienced a green revolution, striving to
maximize productivity to feed a growing global population with intensive agricultural
practices (Khush, 1999). These practices are deemed unsustainable as they require large
chemical inputs and often cause soil and water quality degradation (Ashley et al., 2011).
Barrow (2012) calls for a new green revolution that will make agriculture more
sustainable, increase yield, and reduce negative impacts. Barrow (2012) states that a key
player in this new green revolution will be biochar used as a soil amendment. Biochar
has been shown to increase crop yield, reduce fertilizer use, reduce organic and inorganic
pollution, improve soil moisture retention, and encourage a diverse soil microbial
population (Barrow, 2012). The improved soil fertility gained by the addition of biochar
to soil will prove to be valuable when bringing poor soils back into production and
rehabilitating land (Barrow, 2012).
When added to the soil, biochar has been shown to improve soil fertility in a
variety of ways. Biochar as a soil amendment increases soil cation exchange capacity
(CEC), pH, water holding capacity, nutrient retention, and improves soil structure (Hale
et al., 2013). Biochars generally have a high surface charge density of 112 cmolc/kg,
giving the biochar its high CEC (Hale et al., 2013). The high porosity and surface area of
biochar improves soil water holding capacity (Hale et al., 2013). It has been
hypothesized that high surface area and the presence of both polar and non-polar
functional groups aid in nutrient retention by electrostatic interaction between nutrients
such as ammonium and phosphate and biochar functional groups (Hale et al., 2013).
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Terra preta, better known as Amazonian dark earths, are patches of dark soil in
South American rainforests that were likely created to improve soil fertility when biochar
was added to the soil (Barrow, 2012). These soils date from between 450 BC and 950
AD and in many cases, are still fertile (Barrow, 2012). The soil surrounding the patches
of terra preta is nutrient poor, acidic Oxisol soil that has a low nutrient holding capacity
(Barrow, 2012). Amazonian dark earths typically have more humus, P, and Ca than the
surrounding Oxisol soil and produce higher yields (Barrow, 2012).
1.1.4 Biochar as a sorbent
In several studies, biochar has shown promise as a sorbent or means of fixation
for both organic and inorganic contaminants. Josko et al. (2013) examined the reduction
of phytotoxicity of a contaminated sediment after the addition of biochar, and found that
biochar produced from corn stover and straw feedstocks reduced the toxic effect (as
measured by the reduction of both seed germination inhibition and root growth inhibition
using Lepidium sativum for a test plant) by 30 to 40%. The sediment was contaminated
with 3 oils, 16 polycyclic aromatic hydrocarbons (PAHs), four organotin compounds and
eight heavy metals (Josko et al., 2013). Some biochars have also been shown to adsorb
phosphate from aqueous solutions (Zhang et al., 2013).
It is clear that there are many benefits to making biochar and using it as a soil
amendment. Specifically, biochar can be used for waste management of biomass,
renewable energy generation, long-term carbon sequestration, as a soil amendment
(Roberts et al., 2010), and for soil nitrous oxide emission reduction (Wang et al., 2013;
Ameloot et al., 2016). Biochar has also been shown to adsorb both organic and inorganic
contaminants as well as reduce the phytotoxicity of contaminated sediments (Josko et al.,
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2013). Biochar properties vary with feedstock used and different pyrolysis conditions
(temperature, pressure, residence time; Roberts et al., 2010). Varying these parameters
can yield a biochar specific to its purpose (i.e. carbon sequestration, soil amendment, or
sorbent material). The use of biochar to effectively adsorb phosphate is a recent topic of
interest. For example, anaerobically digested sugar beet tailing biochar being used in
phosphate sorption experiments (Yao et al., 2011a).
1.2 Phosphate environmental impact and pollution sources
1.2.1 Phosphate existence and importance in the environment
The phosphorus found in soil can be characterized as either organic (decaying
biomass, soil humus and microbes) or inorganic (phosphate associated with minerals,
iron, aluminum, or calcium; Tisdale et al., 1985). When the pH is below the zero-point
charge (ZPC) of iron (pH 9.0) and aluminum (pH 8.5), these oxyhydroxides develop a
positive charge and through ligand exchange with OH and OH2 groups, phosphate
adsorbs to the metal surface (Tisdale et al., 1985). These authors also state that
phosphate anions can be found on broken edges of some clay minerals such as kaolinite.
Tisdale et al. (1985) state that phosphate can also adsorb onto surfaces with a permanent
charge such as clay, when divalent (Ca2+) and trivalent (Al3+) cations are present close to
the clay surface to which phosphate is then able to interact through electrostatic
interactions and cation bridging. Phosphate also reacts with organic matter (with a pH
dependent charge) through coulombic forces (Tisdale et al., 1985).
Common forms of phosphate found in the soil and those most essential for plant
uptake are H2PO4- and HPO42- or, primary and secondary orthophosphate, respectively
(Plaster, 2009). The availability of phosphate is determined by the soil’s pH and
6

geochemical composition. At a pH range of 3.5-4.5, insoluble iron phosphates form, at
pH 4.0-6.5, aluminum reacts with phosphate, and at pH 7.0-9.0 calcium phosphate
precipitates occur (Plaster, 2009). Iron and aluminum are amorphous substances with a
varying charge and magnitude that is dependent upon pH (Tisdale et al., 1985). Plant
uptake of H2PO4- is faster than that of HPO42- and the availability of these species is also
a function of pH (Tisdale et al., 1985). At a pH of 7.22, both phosphate species are
present in equal concentrations, below this pH H2PO4- dominates and above this pH,
HPO42- dominates the soil solution (Tisdale, 1985). Low availability of phosphorus can
become a problem to crops if a sufficient amount is not available for plant uptake
(Plaster, 2009). The optimum pH for maximum phosphate availability is at pH 6.5 and
for most crops the optimal pH for phosphate sufficiency is between pH 6.0 and 7.0
(Plaster, 2009).
1.2.2 Environmental impacts
The major negative environmental impact of excess phosphate is eutrophication.
While both excess nitrogen and phosphate contribute to eutrophic conditions, phosphate
is the limiting nutrient in the case of freshwater systems, making any addition of
phosphate detrimental to the stream, lake, or river it enters (Plaster, 2009).
Eutrophication causes an increase in algal and aquatic weed growth whose decomposition
leads to anoxic conditions which limits the use of water for fisheries, recreation, and
industry (Sharpley et al., 2004). According to Boesch et al. (2001), the biggest problem
with eutrophication is that the decomposition of the excess biomass depletes oxygen,
creating both anoxic (lack of dissolved oxygen) and hypoxic (level of dissolved oxygen is
too low to sustain indigenous life) conditions. Due to eutrophication caused by excess
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nutrient loading into water, it has been crucial to identify the sources of pollution and
practice mitigation.
1.2.3 Point sources
Wastewater treatment plants are point sources and are major contributors of
phosphate to surface water bodies (Kronvang et al., 2009). If residential septic systems
are not installed correctly and are leaking, they can also contribute excess phosphate.
Kronvang et al. (2009) points out that mitigation efforts were originally aimed toward
point sources of pollution such as sewage treatment plants, rural houses, and industry.
Successful efforts in reducing phosphate from point sources has allowed agriculture’s
relative contribution of phosphate to increase so that in many catchments, agriculture, a
non-point source, is now the major phosphate contributor to surface water (Kronvang et
al., 2009).
1.2.4 Non-point sources
Agricultural fields, lawns, and golf courses are considered non-point sources of
pollution because there is no discharge pipe expelling phosphate into the river or lake
(Kronvang et al., 2009). Instead, phosphate is free to exit the field in a number of
locations by leaching, runoff or erosion (Kronvang et al., 2009). Most phosphate in soil
is made unavailable through chemisorption onto iron and aluminum oxides within the soil
(Tisdale et al., 1985). In calcareous soils at high pH, calcium phosphate precipitates form
(Tisdale et al., 1985). The small amount of soluble phosphate in soil pore water is
susceptible to transport off the field as runoff during a rain event (Kronvang et al., 2009).
The major concern is the loss of phosphate due to erosion by water. During a strong rain
event, soil particles can be dislodged from the ground surface and carried off the field in
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the runoff waters (Kronvang et al., 2009). The problem occurs when this eroded,
phosphate-rich soil ends up as sediment in a lakebed. After prolonged inundation under
anaerobic conditions, solid ferric (Fe3+) iron is reduced to soluble ferrous iron (Fe2+),
subsequently releasing the chemisorbed phosphate (Abit et al., 2013).
1.2.5 Current phosphate sorption materials
Due to the harmful properties excess phosphate has on aquatic ecosystems, many
methods of phosphate remediation have been attempted in both wastewater and
agricultural settings (Bryant et al., 2012). For point source wastewater streams, in a study
where calcite was used as a natural phosphate adsorbent, it was shown that calcite is a
contender when it comes to phosphate removal, but the physiochemical mechanism is
highly pH dependent (Karageorgiou et al., 2007). The pH range studied here was from
7.6 to 12 and solutions at pH 12 removed all of the phosphate from solution while at a
lower pH, only 70-80% was removed (Karageorgiou et al., 2007). At pH 8.2, phosphate
was shown to have chemical adsorption to the calcite surface, while at pH 7.0 to 8.2,
phosphate appears to be adsorbed via both chemical and electrostatic interactions
(Karageorgiou et al., 2007).
Agricultural practices such as no till and growing grass at the edge of fields (for
sedimentation) work to help minimize phosphorus loss via erosion, but do little to
sequester dissolved phosphorus in agronomic fields (Bryant et al., 2012). Bryant et al.
(2012) used a by-product of coal combustion called flue gas desulfurization gypsum in
agricultural ditch filters as a phosphate sorbent. They found that while the flue gas
desulfurization gypsum removed 22% of the total dissolved phosphate over 3.6 years, it
was not a practical method due to the low adsorption and required maintenance.
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CHAPTER 2

LITERATURE REVIEW

2.1 Phosphate sorption mechanisms of biochar
Several materials have high affinity for phosphate. Iron, aluminum and calcium
have strong ability to adsorb or precipitate phosphate (Figure 3). In some studies,
phosphate was shown to have high affinity for magnesium (Yao et al., 2011a). Knowing
that these elements have been shown to adsorb phosphate, they are of interest when
examining the phosphate sorption of biochar. Adsorption onto oxyhydroxide surfaces or
precipitation with free ions are important mechanisms to investigate in the adsorption of
phosphate because biochar typically carries a negative charge, as indicated by the CEC
(Hale et al., 2013). Naturally, this negative charge repels the negative phosphate anion,
yet phosphate has still been shown to adsorb to biochar (Sarkhot et al., 2013). For the
purpose of this paper, biochar used for phosphate sorption can be categorized as “altered”
or “unaltered”. Altered biochar is made from a feedstock that has been modified or
changed in some way. Biochar produced from feedstock using chemical pretreatment,
phytoremediation, or anaerobic digestion are considered altered biochar. Unaltered
biochar is made from a feedstock in its natural state, without any chemical modification
or pretreatment.
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2.1.1 Altered biochar: Chemical pretreatment
Orange peel powder feedstock was chemically pretreated with a ferrous and ferric
chloride solution and then pyrolyzed to form a magnetite-laden biochar in a study by B.
Chen et al. (2011). The goal of this research was to create a magnetic biochar that could
be used to effectively adsorb phosphate from wastewater, and then the phosphate-laden
biochar could be removed from the water with a magnet. The authors found that the
phosphate removal efficiency of the magnetic biochar was higher than that of the
companion non-magnetic biochar. The suspected phosphate sorption mechanisms of the
magnetic biochar are identified as phosphate anion electrostatic interaction with the
oxyhydroxide surface of the magnetite or ligand exchange (B. Chen et al., 2011). Upon
centrifugation and collection at the bottom of the test tube, the biochar could be removed
with a magnet, showing that it is possible to make a magnetic phosphate sorbent biochar
that has the ability to be reclaimed after phosphorus sorption (B. Chen et al., 2011).
Zhang et al. (2012) successfully created an altered biochar by soaking the
feedstock in a magnesium chloride hexahydrate (MgCl2 6H2O) solution followed by
pyrolysis at 600°C. As confirmed by X-ray diffraction (XRD), Zhang et al. (2012)
reported that the modified biochars contained MgO particles that were highly crystalline.
They also reported that the MgO particles were nano sized (between 19.6 and 66.9 nm)
flakes imbedded in the biochar matrix. The actual flakes were comprised of nano-sized
grains synthesized by anisotropic assembly that gave the MgO particles higher surface
area (Zhang et al., 2012). In this study, Zhang et al. (2012) found that biochar made from
sugar beet tailings altered with MgO nanoparticles had high phosphate removal
efficiencies as shown by the Langmuir maximum capacity adsorption of 835 mg/g. The
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sugar beet tailing altered biochar also showed a high phosphate removal rate at 66.7%
(Zhang et al., 2012).
2.1.2 Altered biochar: Phytoremediation
In a study that looked at the phosphate sorption characteristics of magnesium and
calcium enriched biochars, Yao et al. (2013a) used phytoremediation to hyperaccumulate magnesium and calcium within the tissue of tomato plants to be used as a
feedstock for biochar production. Upon analysis of this biochar, Yao et al. (2013a) found
that not only were MgO nano-sized particles present on the biochar, but also Mg(OH)2 as
determined by XRD. Greater phosphate removal ability was characteristic of biochars
high in Mg which removed 88.5% of the phosphate from aqueous solution and the
authors determined MgO and Mg(OH)2 to be the main adsorption sites for phosphate.
Interestingly, Yao et al. (2013a) did not see a similar effect with the calcium enriched
biochar and noted the element may not contribute to phosphate sorption in biochar.
2.1.3 Altered biochar: Anaerobic digestion
In a study examining possible biochar feedstock using sugar beet tailings and
anaerobically digested sugar beet tailings, Yao et al. (2011a) found that after the sugar
beet tailings were anaerobically digested, the concentration of most of the inorganic
elements increased. They noted that anaerobic digestion has been shown to concentrate
cations like magnesium and calcium. The anaerobically digested sugar beet tailing
biochar had both nano-sized and colloidal MgO periclase particles on the biochar surface
as determined by scanning electron microscope followed by energy dispersive
spectroscopy (SEM-EDS) and X-ray diffraction (XRD), and showed promising results
for phosphate removal with a rate of 73% (Yao et al., 2011a). In this study Yao et al.
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also compared iron modified anaerobically digested sugar beet tailing biochar pyrolyzed
at 600°C (biochar soaked in Fe(NO3)3 × 9H2O solution post pyrolysis). They found that
modifying the anaerobically digested sugar beet tailing biochar with iron greatly reduced
the biochar phosphate removal ability from 73% to 22%. They concluded that a possible
reason for the reduction in phosphate removal ability in the iron-modified biochar was
that the ferric hydroxide precipitation on the biochar surface might be blocking the nano
and colloidal periclase particles. Due to this, the authors came to the conclusion that
anaerobically digested sugar beet tailings could be used to effectively adsorb phosphate
without any further modification.
In another study, Yao et al. (2011b) further investigated the characteristics of the
biochar made from the anaerobically digested sugar beet tailings. Two feedstocks were
used in this study, sugar beet tailings and anaerobically digested sugar beet tailings both
pyrolyzed at 600°C. Using XRD and SEM-EDS, Yao et al. (2011b) found the surface of
the anaerobically digested sugar beet tailing biochar to be covered in nano-sized and
colloidal MgO periclase particles. The authors speculated that the MgO periclase
particles were the main adsorption sites for phosphate on the biochar, a hypothesis that
was supported by analysis of the phosphate-laden biochar using SEM-EDS.
Anaerobically digested sugar beet tailing biochar shows promise as a phosphate
adsorbent as shown by the high Langmuir maximum capacity of 133,085 mg/kg (Yao et
al., 2011b).
Although both biochars had high levels of calcium as indicated by elemental
analysis, the undigested sugar beet tailing biochar exhibited no ability to remove
phosphate from aqueous solution (Yao et al., 2011b). If calcium played a role in the
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adsorption of phosphate onto biochar, then the undigested sugar beet tailing biochar
should have removed phosphate from aqueous solution. The lack of the role calcium
plays in phosphate adsorption was further examined using XRD spectra of both
phosphate-laden biochar and the original biochar (Yao et al., 2011b). Both XRD spectra
were nearly identical in regards to calcium and the phosphate-laden biochar had no
evidence of calcium-phosphate precipitates on the biochar surface (Yao et al., 2011b).
The authors add that if calcium is released from the biochar, then calcium-phosphate
precipitates should form, but note that calcium may not play a role in phosphate sorption
because it may be in the form of calcite, which has a low solubility, or it may be
imbedded within the biochar matrix and unable to be released into solution. Because the
calcite is relatively insoluble with a Ksp of 3.36 X 10-9, it may not be released from the
biochar to form precipitates. According to Somasundaran and Agar (1967), the zero
point charge (ZPC) of calcite is between pH 8 to 9.5. This could help explain the lack of
phosphate sorption on the calcite minerals, as this is a relatively low ZPC compared to
that of Mg at pH 12, and the magnitude of the positive charge may be small at the
solution pH used.
Streubel et al. (2012) found that biochar produced from anaerobically digested
dairy fibers could effectively remove phosphate when used in a filter circulating the
effluent in the dairy lagoon. The biochar used in this study removed 32% of the
phosphorus in the effluent after 15 days of filtration. The biochar removed an average of
381 mg/L phosphorus from the dairy effluent and also sequestered 4 g/L of free floating
fiber as a coating. Streubel et al. (2012) claimed that biochar produced from
anaerobically digested dairy fiber could be used to reclaim phosphate from dairy effluent,
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which is of interest in areas of high animal density and subsequent high phosphorus. The
phosphate-enriched biochar could be transported away from the phosphorus rich zone
and potentially used as a slow release fertilizer in phosphorus depleted areas (Streubel et
al., 2012).
2.1.4 Unaltered biochar
Another attempt to remove phosphate from dairy effluent showed promising
results for one of the only unaltered biochars found to remove phosphate from aqueous
solution. Sarkhot et al. (2013) used biochar derived from a mixture of hardwood shavings
(maple, alder, aspen, and choke cherry) and pyrolyzed at 300°C to remove phosphate
from a slurry made from diluted dairy manure. This biochar adsorbed approximately
0.24 mg/g phosphate from the dairy manure slurry, accounting for 50% of the phosphate
in the solution (Sarkhot et al., 2013). After 24 hours in a pure phosphate solution, this
biochar removed 96% of the total phosphate and after one week, this biochar was shown
to adsorb 1.13 mg/g, which accounted for nearly 100% phosphate in solution (Sarkhot et
al., 2013). The results of this study are very interesting as this is an unaltered biochar and
it was shown to effectively remove phosphate from solution. Using hardwood feedstock
also allows a steady stream of feedstock materials. In 2006, logging residues in the
United States, nationwide, amounted to 4.5 billion cubic feet (Morgan et al., 2007). Using
hardwood feedstock for biochar production would help prevent these logging residues
from simply being waste and divert the carbon from being released back into the
atmosphere. The use of this biochar to adsorb phosphate could be cost effective and safe
to use as a slow release fertilizer as no pretreatment or added chemicals were required to
create it.

15

2.1.5 Solution chemistry
When investigating phosphate sorption mechanisms of biochar, it is important to
keep in mind the solution chemistry of the waste stream to be treated. For example,
solution pH plays a large role in the surface charge of the oxides commonly used to
adsorb phosphate in biochars. MgO has a relatively high zero-point charge (ZPC) equal
to pH 12 (Yao et al., 2011b). This is very important when considering reclaimed
phosphate because at a pH below the ZPC, the MgO surface is dominated by H+ and is
positively charged with increasing magnitude of charge as pH decreases (Yao et al.,
2011b). The opposite occurs when the pH is above the ZPC as the oxide surface is
deprotonated, leaving a negative charge (Yao et al., 2011b). This is crucial because as an
anion, phosphate will be electrostatically attracted to the positive MgO surface and Yao
et al. (2011b) suggest that phosphate will form both mononuclear and polynuclear
complexes with MgO. In this study, the Freundlich isotherm matched the sorption data
much better than the Langmuir isotherm, suggesting that phosphate adsorption onto
biochar is a heterogeneous process and serves as evidence that sorption is dominated by
mono- and polynuclear complexes with colloidal and nano sized MgO particles.
Many researchers use a pure solution of potassium phosphate dibasic anhydrous
(K2HPO4) dissolved in deionized water for sorption experiments (Yao et al., 2011a,b;
Zhang et al., 2012; Yao et al., 2013a). This is good to use to characterize the biochar
phosphate sorption kinetics and isotherms to determine the biochar’s sorption potential,
but it does nothing to determine what will happen in situ. For example, if the biochar is
to be used to remove phosphate from wastewater, then undoubtedly there will be other
ionic species present. Yao et al. (2011b) examined the effects of anionic competition
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(nitrate, chloride and bicarbonate) on biochar phosphate sorption and found that both
nitrate and chloride had very little effect with only an 11.7% decrease. Bicarbonate
however reduced phosphate sorption by 41.4% (Yao et al., 2011b). The authors state that
the presence of bicarbonate may be decreasing phosphate adsorption possibly by
competition of bicarbonate and phosphate for adsorption sites or increased solution pH
brought on by the addition of bicarbonate.
Biochar has also been shown to act as a sorbent for organic contaminants. Using
orange peel powder that was chemically pretreated with ferric and ferrous chloride, Chen
et al. (2011) looked at phosphate sorption onto biochar with competition from two
organic contaminants, naphthalene (NAPH) and p-nitrotoluene (p-NT). Sorption
experiments were conducted using magnetic biochar, non-magnetic biochar, and pure
iron oxide. The non-magnetic biochar sorbed NAPH, p-NT, and less phosphate; and the
iron oxide did not sorb any NAPH or p-NT, yet adsorbed phosphate. Interestingly, the
authors found that the magnetic biochar sorbed NAPH, p-NT, and phosphate. These
results suggest that the mechanisms by which organic contaminants are sorbed by biochar
are different than the mechanisms that govern phosphate adsorption with organic
molecules showing affinity for the biochar itself while phosphate adsorbs more readily to
iron oxide (B. Chen et al., 2011). Surprisingly, B. Chen et al. (2011) also found that the
phosphate removal efficiency of magnetic biochars pyrolyzed at 250 and 700°C was
higher than the phosphate removal efficiency of the companion pure iron oxide (FeO)
pyrolized at the same temperatures. This is crucial to note as having a biochar matrix to
support iron oxide nanoparticles appears to offer phosphate adsorption enhancement (B.
Chen et al., 2011).
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2.1.6 Effect of pyrolysis temperature on biochar physiochemical properties and
phosphate sorption efficiency
By varying pyrolysis temperature, it is possible to manufacture biochar that will
have different properties. This makes it plausible to tailor the biochar to better meet the
needs of specific goals. B. Chen et al. (2011) found that varying the pyrolysis
temperature of both their Fe altered feedstock and unaltered feedstock resulted in
different biochar physiochemical properties and phosphate sorption potential. The Fe
altered, or magnetic biochar was prepared using orange peel powder that had been
pretreated by soaking it in ferric chloride and ferrous chloride solutions, while the
unaltered feedstock was made only of the powdered orange peels (B. Chen et al., 2011).
Three different pyrolysis temperatures were used for the biochar production; 250°C,
400°C, and 700°C (B. Chen et al., 2011). Interestingly, the Fe altered biochar pyrolyzed
at 400°C preserved most of the organic residues and functional groups such as CH2,
aromatic carbonyl (C=O), and alkyne (C=C) while in the companion unaltered biochar
pyrolyzed at 400°C, most of the functional groups were eliminated (B. Chen et al., 2011).
Also, the authors found a higher H/C ratio in the Fe altered biochars pyrolyzed at 250°C
and 400°C than in the companion unaltered biochars pyrolyzed at the same temperature,
which further indicates that the iron oxides helped to preserve more of the original
organic matter. B. Chen et al. (2011) hypothesized that the formation of the iron oxide
on the biochar actually protected the organic residues from destruction during the
pyrolysis process. The authors note that the altered biochar pyrolyzed at 250°C and
400°C contained a large amount of the original organic residues such as lignin, polymeric
CH2, fatty acids and polysaccharides, while magnetic biochar pyrolyzed at 700°C
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contained almost no organic residues. Furthermore, the Fe altered biochar pyrolyzed at
700°C had less than 1% total carbon content, indicating that this biochar was comprised
mainly of iron oxide and little biochar (B. Chen et al., 2011). The magnetic biochars all
had a smaller surface area compared to their companion unaltered biochars, and the
average pore radius was larger for the Fe altered biochar (B. Chen et al., 2011).
Regardless of pyrolysis temperature, the phosphate removal effectiveness was
greater for all of the Fe altered biochars compared to the companion unaltered biochars
(B. Chen et al., 2011). The Fe altered biochar pyrolyzed at 700°C showed the best
phosphate sorption potential of all the biochars produced in this study. Surprisingly, it
was found that the unaltered biochar pyrolyzed at 700°C could sorb phosphate
effectively, which is quite different than the other unaltered biochars pyrolyzed at 250°C
and 400°C that did not sorb phosphate efficiently (B. Chen et al., 2011). Seeing that
pyrolysis at 700°C destroyed most of the organic residues and functional groups, it may
be possible to hypothesize that the lack of functional groups and relative increase in iron
content by weight may have a positive effect on phosphate sorption.
2.1.7 Choosing a feedstock
Biochar is often produced from forestry, agricultural, and food wastes. Usually
these wastes are left to decompose, are burned, or are landfilled, which contributes to
CO2 emissions and takes up space in landfills. Using these waste products for biochar
production offers a green alternative for waste management because once pyrolyzed, the
biochar can be added to the soil as an amendment and for carbon sequestration (Al-Wabel
et al., 2013). Incorporating biochar produced from these wastes into the soil will
decrease their atmospheric CO2 contribution and conserve space in landfills while
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improving soil quality. A steady input stream of waste materials is an important
consideration when choosing a feedstock that will be a viable option for phosphate
sorption. Forestry wastes offer a steady feedstock input for biochar production and as
mentioned in Sarkhot et al. (2013), biochar produced from hardwood feedstock was one
of the only unaltered biochars to effectively adsorb phosphate.
Although removing the forestry wastes from the forest to make biochar will
reduce CO2 emissions from the decomposition of these wastes, removal will affect the
nutrient cycling and should be taken into consideration. In a paper by Helmisaari et al.
(2011), the authors found that 10 years after harvesting the whole tree, a significant
growth reduction was noted on the remaining stand ranging from 4% to 13%. This
growth reduction is likely caused by the removal of the biomass and subsequent nutrient
pool for future growth (Helmisaari et al., 2011). Noting this significant reduction in
growth, it is crucial to take into consideration inputting nutrients into the harvested forest
soils to compensate for the biomass removal. Helmisaari et al. (2011) note that at the
forest thinning stage, the remaining stand is particularly sensitive to nutrient inputs, and
by removing the nutrient input sources, negative effects on the remaining stand will likely
occur. If using forestry wastes for biochar production, managed forest should be
developed where the wastes are removed, pyrolyzed, and the subsequent biochar is
returned to the forest soil to enhance soil fertility and increase nutrient inputs. By
pyrolyzing the waste biomass instead of allowing it to decompose in place, CO2
emissions will be effectively reduced, as there will be no decomposing forestry waste to
emit CO2. By incorporating the resulting biochar back into the forest soil, carbon is
being sequestered, further reducing atmospheric CO2.
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In 2006, logging residues in the United States, nationwide, amounted to 4.5
billion cubic feet (Morgan et al., 2007). Using hardwood feedstock for biochar
production would help prevent these logging residues from simply being waste and divert
the carbon from being released back into the atmosphere. Due to the large quantity of
forestry waste, and possibility for unaltered biochar production for phosphate removal, it
seems forestry wastes are an excellent feedstock to use for continuous biochar production
for phosphate removal. If some biochar is returned to the forest soil, it will improve soil
quality and nutrient availability, making a managed forest for biochar production a viable
and sustainable option.
2.1.8 Post pyrolysis chemical treatment of biochar
It may be possible to engineer the phosphate sorbent biochar to be used as a slow
release fertilizer by aiming for struvite precipitation as a means of phosphate
sequestration of biochar. According to Le Corre et al. (2009), struvite (MgNH4PO4
6H2O) is a mineral that often forms as a nuisance scale deposit inside pipes in waste
water treatment facilities when magnesium, ammonium and phosphate in the waste water
approach an equimolar ratio of 1:1:1. If able to control the struvite precipitation, up to
70% of the phosphorus in the waste stream may be able to be removed and subsequently
used as fertilizer (Le Corre et al., 2009). It may be possible to chemically treat biochar
post-pyrolysis in a solution containing magnesium and ammonium to promote struvite
formation onto biochar that can easily be removed from the wastewater stream and
applied to soil as a fertilizer. Struvite is an orthophosphate that has the low solubility in
water of 0.018 g/100 mL at 25°C and has the ability to be used as a fertilizer (Le Corre et
al., 2009). These authors also note that due to its low solubility, struvite used as a
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fertilizer would be beneficial throughout the growing season, as it would slowly release
nutrients.
2.1.9 Conclusion
Concern over impending climate change has sparked interest in research to find
ways to mitigate or lesson the global temperature increase. Biochar can aid in this
mitigation by two mechanisms; 1. when applied to soil it can be used for long-term
carbon sequestration; and 2. when applied to soil it has been shown to inhibit
denitrification. Sequestering carbon in this manner is a way to decrease atmospheric
CO2, while the inhibition of denitrification reduces N2O emissions from agricultural
lands. These are both harmful greenhouse gasses promoting climate change. An added
bonus to incorporating biochar into the soil is that it has been shown to improve soil
fertility on poorly producing soils. Improving the fertility of poor soils will become
necessary in the coming years to produce enough food for an increasing population. As
the global climate shifts, it will also likely shift the portion of arable land, leaving less
desirable land for growing food.
Aside from climate change mitigation and improving soil fertility, biochar has
also been shown to act as an effective sorbent for many organic and inorganic
contaminants. This offers hope for contaminated soils to be reclaimed by using biochar.
It also adds the possibility to use biochar as a sorbent for wastewater streams. Preserving
or improving the quality of our fresh water resources is crucial to human survival,
especially as the climate shifts.
Altered biochar has shown the potential to effectively adsorb phosphate by a
variety of mechanisms including electrostatic interaction, ligand exchange, and
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precipitation with oxyhydroxides. The removal of phosphate from wastewater streams is
necessary to prevent water quality degradation through eutrophication. Most of the high
efficiency biochar phosphate adsorbents are modified with chemical pretreatment,
phytoremediation or anaerobic digestion.
Unaltered biochars have a negatively charged surface that repels the phosphate
anion. Although rare, some biochars have shown promise as a sorbent material for
phosphate. Sarkhot et al. (2013) used biochar derived from a mixture of hardwood
shavings (maple, alder, aspen, and choke cherry) to remove phosphate from a slurry made
from diluted dairy manure. With this promising finding, it is clear that further studies on
phosphate sorption potential of biochar should include biochar produced from hardwood
feedstock.
2.2 Objectives
Based on the literature review, the purpose of this project was to work towards
developing a sustainable phosphate sorbent material that can be used by farmers in
agricultural ditch filters to reclaim dissolved phosphorus lost from agricultural fields.
The research focused on determining the specific phosphate sorption mechanisms and
phosphate sorption potential of unaltered, Mg altered, and Ca altered biochars derived
from hardwood feedstock.
The main objectives of this project were to:
1. Engineer Mg and Ca altered biochar by chemically pretreating hardwood feedstock
followed by pyrolysis at two different temperatures (350 and 550°C).
2. Determine the surface physiochemical characteristics of the unaltered, Mg altered, and
Ca altered hardwood biochars.
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3. Investigate phosphate sorption potential (at both pH 7 and pH 9) and rate of unaltered,
Mg altered, and Ca altered hardwood biochar.
2.3 Hypothesis
My hypothesis is that by varying pyrolysis temperature, chemical pretreatment, or
both can create an effective phosphate sorbent biochar derived from hardwood feedstock.
Specifically, I predict that the magnesium-altered biochar pyrolyzed at 550°C will adsorb
the most phosphate from solution.

24

CHAPTER 3

METHODS

3.1 Objective 1: Engineer Mg- and Ca-altered biochar by chemically pretreating
hardwood feedstock followed by pyrolysis at two temperatures (350 and 550°C)
3.1.1 Feedstock preparation
All of the biochar in this study was produced using hardwood pellets comprised
of cherry, birch, oak, beech, ash, and maple. Cubex makes the pellets from Canadian
hardwood flooring waste. For the unaltered biochar, the pellets were ground to pass
through a 2 mm sieve and then pyrolyzed with no pretreatment. For the altered biochars,
the feedstock was first ground to pass through a 2 mm sieve and then soaked in one of
two solutions. For investigation of the magnesium-enriched biochars, 150 g of the
feedstock was soaked for 24 hours in a magnesium chloride solution made by dissolving
135 g of magnesium chloride hexahydrate (MgCl2 × 6H2O) in 200 mL of deionized (DI)
water (same concentration used by Zhang et al., 2012). For investigation of the calciumenriched biochars, the feedstock was soaked for 24 hours in a calcium chloride solution
made by dissolving 97.02 g calcium chloride dihydrate (CaCl2 × 2H2O) in 200 mL
deionized (DI) water. After soaking, the feedstock was dried in an oven at 80°C for 48
hours to remove excess water which was the same method used in Zhang et al. (2012).
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3.1.2 Biochar production
All biochars were produced in an N2 environment (Yao et al., 2011a,b; Zhang et
al., 2012; Hale et al., 2013; Wang et al., 2013) using the GSL1100X high temperature
vacuum tube furnace made by the MTI Corperation in Richmond, CA. Two temperatures
(350°C and 550°C) were used for each feedstock, for a total of six biochars (Unaltered,
Mg-altered, and Ca-altered, each at two temperatures). Approximately 150 g of each
feedstock (unaltered, Mg-altered, or Ca-altered) was placed into the pyrolysis oven and
brought to the target temperature of 350°C at a rate of 10 degrees per minute. The oven
maintained the target temperature of 350°C for two hours and was then allowed to cool to
room temperature naturally before the biochar was removed. The biochar was weighed
again to determine percent yield. Multiple batches (approximately 2– 3) were made
separately for each type of biochar since the maximum biochar yield per batch of biochar
in the furnace was about 50 g, which might not have been enough to complete the
experiments. Like kinds were mixed together to remove heterogeneity among batches, a
common method used in soil sampling described in Plaster (2009). The composite
biochar was ground to pass through a 0.25 mm sieve which is the same particle size used
by Hale et al. (2013). The same pyrolysis method was followed to produce the three high
temperature biochars (unaltered, Mg-altered, or Ca-altered) with a target temperature of
550°C. Biochar was washed by passing 1500 mL of deionized water through
approximately 20 g of biochar to remove residual ash and Mg or Ca not associated with
or within the biochar matrix. After washing, the biochar was placed in an oven and dried
at 80°C for 48 hours.
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3.2 Objective 2: Determine the surface physiochemical characteristics of the
unaltered, Mg-altered, and Ca-altered hardwood biochars
3.2.1 Surface characterization
Using a Fisher Scientific Accumet gel-filled pencil-thin pH electrode, biochar pH
was determined with a 1:20 (w/v) ratio of biochar in deionized water after shaking at 160
rpm for 24 hours (Zheng et al., 2013). Determining pH is important because pH effects
the oxyhydroxide surface charge, therefore affecting phosphate sorption potential. Total
elemental CNHSO was determined using the MicroCube Elementar, Germany. Elemental
composition (P, K, Na, Mg, B, Ca, Cu, Fe, Al, Mn, Pb, and Zn) of the biochar was
determined using the EPA’s methods for acid digestion, 3050B and 6010, followed by
elemental analysis with inductively coupled plasma atomic emission spectroscopy (ICPAES, University of Massachusetts Amherst Soil and Plant Tissue Testing Laboratory,
USA). Surface areas (SBET) were determined using the Brunauer-Emmett-Teller (BET)
method for determining mesoporous enclosed surfaces using N2 adsorption isotherms run
at 77 K on the Quantachrome Autosorb-1 (Autosorb-1, Quantachrome, USA) with an
outgassing temperature of 200°C like in Zheng et al. (2013). Structure, surface
characteristic images, and elemental composition were determined using a scanning
electron microscope equipped with energy dispersive spectrometry (SEM-EDS, Magellan
400, University of Massachusetts Amherst, USA), the same method as in Yao et al.
(2011b). Gold (Au) spattering was done prior to imaging to reduce the charge of the
sample to prevent interference with the electron beam. Surface structure helps us see the
nano-sized MgO particles on the biochar surface (Yao et al., 2011b). X-ray diffraction
(XRD) was used to determine surface crystallinity and mineral composition (PANalytical
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model PW3040-MPD, University of Massachusetts Amherst, USA) and the data was
collected using the X’Pert data collector and spectrum fitting was done using the X’Pert
High Score Plus search and match command. Crystallinity is crucial to determine
because crystalline structures exhibit pH-dependent surface charge, and MgO
nanoparticles should be crystalline (Yao et al., 2011b).
3.3 Objective 3: Evaluate phosphate sorption potential and rate of unaltered, Mgaltered, and Ca-altered hardwood biochar
3.3.1 Phosphate adsorption kinetics
Prior to sorption experiments, the appropriate liquid to solid ratio (20-80%) for
each biochar was obtained through batch adsorption experiments using two replicates.
Phosphate adsorption kinetics of each biochar was determined by performing batch
adsorption experiments replicated two times. The appropriate amount of biochar (as
determined by the liquid to solid ratio was found to be 30 mg, 30 mg, 10 mg, and 5 mg
for Ca350, Ca550, Mg350, and Mg550, respectively,) were placed into a glass screw top
scintillation vial to which 130 mg PO4-/L phosphate solution was added. A 130 mg PO4/L phosphate solution concentration was used because 30% of the phosphate in solution
was adsorbed by the biochar at the weights used. The vials were placed on a reciprocal
shaker at 165 rpm to ensure the solution and biochar were well mixed. After
approximately 0.5, 1, 3, 6, 24, 50, 104, 240, 313, 336, and 358 hours, the vials were
placed in a centrifuge for 30 minutes at 3000 rpm to separate the biochar from the
supernatant. Each time increment sampled had its own test tube. The supernatant was
analyzed for phosphate colormetrically, as in Yao et al. (2011a,b), using a
spectrophotometer (Agilent 8453, USA) at wavelength 880 nm. Adsorbed phosphate was
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determined, by subtracting the final supernatant phosphate concentration from the initial
phosphate concentration of the solution (Yao et al., 2011a,b). Phosphate sorption kinetics
allows us to determine the rate at which phosphate is adsorbed onto biochar.
3.3.2 Phosphate adsorption isotherms
Phosphate adsorption isotherms were completed by placing the appropriate
amount (as determined by the liquid to solid ratio) of biochar into 8 mL glass screw top
scintillation vials to which 5 mL of background solution was added and the pH was
adjusted daily using HCl and NaOH until the pH was stable either at pH 7 or pH 9. After
the pH was stable, different concentrations of phosphate solutions were added ranging
from 1 mg P L-1 to 600 mg P L-1 in duplicate. Tubes were placed in a reciprocal shaker
for 14 days, as determined by adsorption kinetics. Vials were then placed in a centrifuge
for 30 minutes at 3000 rpm, after which, the supernatant was collected. Phosphate
concentration in the supernatant was determined using the same methods as in the
kinetics experiments. Data were modeled using the best-fit isotherm equations using the
Langmuir and Frendlich models:
Langmuir: #$

Freundlich:

=

&'()
*+&()

#$ = ,- .$/

Where K (L/mg ) and Kf (mg/L/g ) represent the Langmuir bonding term related
to interaction energies and the Freundlich affinity coefficient, respectively. Q (mg/g)
denotes the Langmuir maximum capacity, Ce (mg·L"1) is the equilibrium solution
concentration of phosphate and n (dimensionless) is the Freundlich linearity constant.
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The Langmuir model assumes monolayer adsorption onto a homogeneous surface with
no interactions between the adsorbed molecules, while the Freundlich model is often used
to describe heterogeneous sorption processes.
Not many unaltered biochars have shown to sorb phosphate, probably due to
biochar having a negative charge that repels the phosphate anion, however Mg altered
biochar was shown to adsorb phosphate (Yao et al., 2011a; and Hale et al., 2013). By
chemically pretreating the hardwood feedstock, this research hopes to create a biochar
that will be able to sorb phosphate using the magnesium oxide (MgO) periclase particles
that form on the biochar surface during pyrolysis. I predict these particles will act as
phosphate adsorption sites through electrostatic interaction and ligand exchange with the
positive oxide surface. Due to biochar’s CEC, I also predict cation bridging to occur
between divalent/trivalent cations and phosphate. Although sorption potential will
probably be lower for Ca altered feedstock due to a lower zero point charge (MgO ZPC =
pH 12, calcite ZPC = pH 9), I am predicting a similar mechanism for phosphate sorption
with the calcite that forms on the surface during pyrolysis (Somasundaran, 1967; Yao et
al., 2011b). If the calcite solubility is high enough, then calcium-phosphate precipitates
will occur in the solution.
Determining the phosphate sorption potential of these biochars through surface
characterization, batch adsorption kinetics, and isotherm experiments is the first step
necessary in the creation of a phosphate sorbent material used to decrease nutrient
pollution. Successful phosphate sorbent biochar has the potential to be used in
agricultural ditch filters and in wastewater treatment plants to sequester dissolved
phosphorus before the agricultural runoff and treated wastewater are discharged into the
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environment. Post phosphate sorption biochar may also have the potential to be used as a
slow release phosphate fertilizer when applied to agricultural soil. More research as to
the phosphate desorption properties of the phosphate laden biochar is required to evaluate
its potential use as an agricultural amendment.
3.4 Statistics/Data analysis
Statistics such as the coefficients of determination (R2), p-values, standard
deviations, and others were analyzed using SigmaPlot and Microsoft Excel. All isotherm
model fitting was also analyzed using SigmaPlot. Significance for the Langmuir
maximum capacity (Q) was determined using the two-tailed t value at the 0.05
significance level after which a 95% confidence interval was derived using the standard
error of the parameter estimate for the non-linear regression. Overlapping values were
deemed non-significant while non-overlapping values were deemed significant with a
significance level of 0.05 (p < 0.05).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Biochar %yield
In line with previous studies (B. Chen et al., 2011; and Zheng et al., 2013), the
biochar yield decreased with increasing pyrolysis temperatures for all biochars (Table 1).
These results indicate a greater loss of organic materials as pyrolysis temperatures
increase as well as a higher degree of carbonization, similar to the results found by X.
Chen et al. (2011). Among all the biochars, the percent yield of the unaltered biochars
had the largest difference between U350 and U550 (41.41% and 23.25% respectively),
with U550 yielding a little over 18% less biochar than U350. The Ca350 biochar had the
greatest yield among all the biochars at 56.89 % and interestingly, the difference between
Ca350 and Ca550 is only about 6%. The magnesium altered biochars showed a similar
trend with only about a 7% difference between Mg350 and Mg550 (42.11% and 35%
respectively). The small difference between both the low and high temperature altered
biochars may be due to mineral formation that subsequently protects the functional
groups and other organic materials from destruction as pyrolysis temperatures increase as
mentioned in previous studies (B. Chen et al., 2011; and Liu et al., 2016). Another
possibility for the small difference in the yield of the altered biochars as compared with
the unaltered biochars may in fact be due to the chemical pretreatment which loaded the
feedstock with Ca or Mg which added weight from the start that does not get removed or
destroyed during the pyrolysis process, rather it becomes more condensed, or
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concentrated and forms minerals on the biochar matrix, a mechanism similarly alluded to
by B. Chen et al. (2011). The calcium altered biochars also stood out because both
biochars had the greatest yield for their respective temperature group and the Ca550
biochar had a greater yield than all other biochars of any temperature, except for Ca350.
The biochar yields in decreasing order were Ca350 > Ca550 > Mg350 > U350 > Mg550
> U550 or 56.89% > 50.84% > 42.11% > 41.41% > 35% > and 23.25% respectively.
4.2 Biochar pH
Similar to the biochar pH noted in other studies (Lehmann, 2007; and Zheng et
al., 2013), the pH of all biochars increased with increasing pyrolysis temperature (Table
1). Zheng et al. (2013) found that an increase in biochar pH was significantly positively
correlated with the ash content in the biochar noting that the higher ash content equates a
higher mineral content. Therefore, the increase in pH at the higher pyrolysis
temperatures in the biochars produced in this study is likely due to an increase in the
inorganic mineral, or ash content, in the resulting biochar. Shinogi and Kanri (2003)
found that the alkaline pH at pyrolysis temperatures above 300 °C is due to inorganic
components, such as alkali salts, separating from the organic matrix of the feedstock.
The pH of the resulting biochar was shown to increase as pyrolysis temperatures
increased by yielding a greater ash component (a.k.a. inorganic component) until the pH
became stable at pyrolysis temperatures around 500°C, or when there is no longer an
increase in the ash component at higher temperatures (Shinogi and Kanri, 2003).
Considering that the pH of the biochar is likely due to the concentration of minerals and
basic cations, the very high pH of the Mg350 and Mg550 biochar in relation to the U350
and U550 (pH 10.42, 10.56, 7, and 9.9, respectively) is likely due to the presence of
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additional Mg. Also, the pH of a MgO saturated aqueous solution is 10.3 (O’Neil, 2006).
The increase in pH between U350 and U550 is much greater than the difference in pH
between Mg350 and Mg550 and the pH of Mg350 is much higher than the pH of U550,
further indicating the role inorganic minerals play in yielding a more alkaline pH. The
XRD results (discussed in subsequent section) of both Mg350 and Mg550 confirmed the
presence of MgO (periclase) and Mg(OH)2 (brucite) particles, which are also likely
contributors to the high pH of these altered biochars either through accepting H+ from
solution or donating OH- ions to the solution through dissociation of some of the
minerals.
Very interestingly, the Ca-altered biochars did not exhibit a similar innate high
alkalinity as the Mg-altered biochars. Although the pH of Ca350 was higher than the pH
of U350, it was not that much higher at pH 7.65 (compared to pH 7 for U350). Also,
although the pH of the higher temperature Ca-altered biochar did increase as in the
unaltered biochars, the magnitude of the increase in pH from Ca350 to Ca550 (pH 7.65
and 8.59, respectively) was rather small compared to the increase in pH between U350
and U550 (again, pH 7 and 9.9, respectively). These results indicate that the presence of
Ca2+ and calcium minerals do not exhibit as strong of an immediate effect on pH as the
biochars that contain a higher amount of magnesium minerals. XRD confirmed the
presence of CaCO3 (calcite) in the calcium altered biochars, which is likely responsible
for the higher pH for the Ca350. The relatively small increase in pH for the Ca550 as
compared to U550 may be due to the very low solubility of calcite and subsequent lack of
free carbonate anions in solution.
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4.3 Biochar elemental composition (ICP-AES)
Table 2 shows the results of acid digestion followed by inductively coupled
plasma atomic emission spectroscopy (ICP-AES) for all biochars and post-phosphate
adsorption biochars. Both of the unaltered biochars contained a relatively small
percentage of both Ca and Mg as expected from previous work (Yao et al., 2011a; and X.
Chen et al., 2011). All other elements were also in similarly small amounts with the
trend that as pyrolysis temperatures increase, inorganic elemental composition also
increased as was the case for all biochars, including the Ca and Mg-altered biochars. An
increase in inorganic elemental composition as pyrolysis temperatures increased was also
noted in Zheng et al. (2013).
The enrichment of the biochars with either Ca or Mg was confirmed through acid
digestion followed by ICP-AES with the Ca content of Ca350 and Ca550 much higher
than both U350 and U550 at 4.608, 7.032, 0.169, and 0.28%, respectively. The Mgaltered biochar was also comprised of a much larger percent of Mg than their unaltered or
Ca-altered counterparts. The Mg% for Mg350 was 8.292% while Mg550 contained
13.15% Mg, proving that as pyrolysis temperatures increase, the inorganic elements of
interest (Mg or Ca in this study) also increase. The increase in Mg between Mg350 and
Mg550 offers an explanation for the greater adsorption capacity of phosphate for Mg550
because a greater Mg% indicates a larger number of available phosphate adsorption sites.
A possible reason behind the lower adsorption capacity for the Ca-altered biochars as
compared to the Mg-altered biochars may be due to the smaller Ca% in Ca350 and Ca550
as compared to the Mg% in the Mg350 and Mg550.
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None of the pre-phosphate adsorption biochars nor the post-phosphate adsorption
U350 contained phosphate at detectable levels (0.255 mg/L). The U550 contained a
small amount of phosphorus and is likely due to the phenomena that occurs as pyrolysis
temperatures increase, an increase in the inorganic elemental composition also increases.
Most notably, the elemental composition of phosphorus increased greatly for Ca350P,
Ca550P, Mg350P, and Mg550P (1.509, 1.679, 3.569, and 4.846%, respectively),
indicating that these biochars did in fact adsorb phosphate from solution. The Ca550P
biochar had slightly more P than the Ca350P, which is in line with the phosphate
adsorption isotherm data and discussed in a later section. The Mg550P biochar contained
much more P than the Mg350P, which is further evidence that the higher temperature
Mg-altered biochar has better phosphate adsorption ability, which was also confirmed
with the isotherm data (discussed in subsequent section).
Interestingly, the Ca content for both Ca350 and Ca550 went down slightly
(although not significant), for both of their companion post-phosphate adsorbed biochars.
A similar trend was shown for the Mg-altered biochars and could indicate the loss of Ca
or Mg from the biochars due to the dissolving of some of the calcite, periclase, or brucite
on the biochars or may also simply be due to the additional P-content that changed the
ratios. The free ions likely went into solution and may have been discarded at the end of
the phosphate adsorption experiment when the samples were filtered. Therefore, the
small reduction in Ca and Mg is indicative of the availability of free Ca2+ or Mg2+ ions in
solution that may aid in the phosphate adsorption either through electrostatic interaction
or precipitation.
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4.4 Biochar C, N, H, O, S
As in previous studies (Kim et al., 2012), the elemental composition of carbon
(C%) increased with increasing pyrolysis temperatures for all biochar types (Table 1).
The increase in carbon as pyrolysis temperatures increase can be contributed to a higher
degree of carbonization (the concentration of C as other organic materials are destroyed)
at the higher temperatures as found in Kim et al. (2012). The largest increase in C%
occurred between U350 and U550 with a 10% difference (74.74% and 84.68%
respectively). The smallest difference in C% content among pyrolysis temperatures was
between Mg350 and Mg550 with only a 3% difference (57.36% and 60.16%
respectively). The difference in C% between Ca350 and Ca550 was intermediate at
roughly 5% (63.31% and 68.69% respectively). The smaller increase in the C% content
between the low temperature and high temperature altered biochars indicates a lower
degree of carbonization that can be attributed to the additional Ca or Mg in the feedstock
and the formation of minerals which may be inhibiting the carbonization of the organic
material, which was also found in Liu et al. (2016). Demirbas (2004) attributed the effect
of chemical additives on carbonization to the inhibition of the decomposition of
hemicellulose and the acceleration of the decomposition of cellulose during the first step
of the dehydration reaction during pyrolysis. U550 contained the largest percent of
carbon at 84.68% per unit mass of all the biochars and is likely partially due to the
absence of weight from either Ca or Mg.
The oxygen (O%) and hydrogen (H%) content of the biochars decreased with
increasing pyrolysis temperatures across all biochar treatments in this study, which was a
similar phenomena noted in a study by Kim et al. (2012) that used biochar produced from
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pitch pine wood chips at 300, 400, and 500 °C. Demirbas (2004) attributed the loss of O
and H in the biochars at the higher temperatures to a cracking and cleavage of weaker
bonds within the biochar matrix. Since oxygen (O%) is not directly measured during the
elemental analysis but rather determined by subtraction of C, N, H, and S, it is likely that
the calculation is inaccurate and that some percentage of oxygen in the altered biochars is
actually either Ca or Mg. As noted in previous studies (Zheng et al., 2013), the O%
decreased as pyrolysis temperatures increased, especially in the unaltered biochar. The
oxygen content was highest for Mg350 at 38.92%, but again, this calculation cannot be
trusted as the biochar contained a high amount of Mg.
The H:C ratio can be used a means to determine carbonization because H is
typically associated with organic plant materials (X. Chen et al., 2011). The H:C ratio of
the unaltered biochars was lower than that of the altered biochars which indicates a
higher degree of carbonization for the unaltered biochars. Interestingly, the higher H:C
ratio of the altered biochars may be indicative that the presence of Ca or Mg ions or
minerals are somehow inhibiting carbonization. Liu et al. (2016) noted a similar
phenomenon in their chemically altered, Ca-modified biochars produced from ramie
(Boehmeria nivea (L.) Gaud.) stem and bark.
4.5 Surface area
The NLDFT surface area measured with N2 adsorption isotherms was lowest for
U350 at only 2.55 m2/g (Table 1). As expected for biochars produced at higher
temperatures, the surface area increased to 94.48 m2/g for U550 and an increase in
surface area was seen for all biochars produced at 550 °C in this study. This is also
consistent with results reported by Lehmann (2007). The pore area and pore volume was
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greatest in the Ca550 biochar, indicating that the formation of pores increased the
cumulative surface area for the calcium altered biochars (Table 3). However, the pore
diameter of the Ca550 was the smallest out of all biochars, aside from Mg550.
Similar to the results found by Liu et al. (2016), the Ca-altered biochars in this
research exhibited a much higher surface area than their companion unaltered biochars.
The surface area for Ca350 at 46.99 m2/g was substantially greater than the surface area
for U350 at 2.55 m2/g. A similar increase in surface area between the U550 and Ca550
was also noted at 94.48 and 345.1 m2/g, respectively. Evidence for a lesser degree of
calcite crystal formation on the Ca350 biochar occurred with the relatively lower NLDFT
surface area at 46.99 m2/g compared to the surface area of Ca550 at 345.1 m2/g.
The Mg-altered biochars also had a substantially greater surface area as compared
with the unaltered biochars and the increase in surface area was likely due to the
formation of the nano-sized MgO and Mg(OH)2 crystals on the biochar surface. A
similar large increase in surface area was reported by Zheng et al. (2013) who attributed
it to the substantial increased surface area of the individual nano-sized flakes due to
formation through anisotropic assembly. The surface area difference between Mg350
(226.5 m2/g) and Mg550 (231.9 m2/g) was fairly small at only 5.4 m2/g and since the
nano flakes are responsible for the majority of the surface area, the minor difference may
indicate that most of MgO and Mg(OH)2 crystals were already formed at the lower
pyrolysis temperature of 350 °C.
4.6 XRD
X-ray diffraction (XRD) patterns of both the low temperature and the high
temperature unaltered biochars were very similar with a low intensity of peaks and a lot
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of background noise making it difficult to decipher meaningful peaks (Figure 4 and
Figure 5). The software used to separate the peaks and match those peaks to existing
XRD spectra for known minerals could not match any good fitting spectra to describe the
samples. For the U350, the program was able to distinguish some peaks and poorly fit
the spectra for graphite, however the same patterns were not able to be distinguished in
the U550 biochar. These results are not surprising as XRD is used to determine
crystallinity and mineral composition of samples and the unaltered biochars had very low
inorganic mineral content as determined by acid digestion followed by ICP-AES
(previously discussed in section 4.3). The amount of noise in the spectrum is likely due
to the heterogenous nature of biochar and the many weak signals from a variety of
compounds. The XRD patterns for both of the post-phosphate adsorption unaltered
biochars also exhibited no significant change from their pre-sorption counterpart spectra
(Figure 6 and Figure 7). The lack of a change in the spectra was also expected as these
biochars were not shown to adsorb any phosphate from solution, therefore no new
minerals were expected to form.
The XRD spectra for both temperatures of the calcium-altered biochars were
much different than the spectra of the unaltered biochars in that there were several
discernable peaks at a higher intensity than the unaltered biochars (Figure 8 and Figure
9). The program was able to identify peaks and fit the spectrum well for trigonalrhombohedral calcite (CaCO3) crystals on the surface of the biochar. This is a very
important finding because the goal of chemically pretreating the feedstock with CaCl2
(followed by pyrolysis) was to create new crystalline minerals on the surface of the
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biochar that could be used as the adsorption sites for phosphate instead of simply having
Ca2+ ions.
The spectra for the post-phosphate adsorption Ca350 biochar (Ca350P; Figure 10)
was however different from both the pre-phosphate adsorption Ca350 (Figure 8) and
Ca550 (Figure 9) as well as the post-phosphate adsorption Ca550 (Ca550P; Figure 11).
In the Ca350P spectra, the program was unable to identify peaks and fit them well to any
known mineral. In this case, the entire spectrum falls at a low intensity (not exceeding 40
a.u.) and had a lot of background noise. These differences in the spectrum indicate that
the calcite minerals may have not been very well formed at the lower pyrolysis
temperature in the Ca350 biochar and under the phosphate adsorption conditions were
able to dissolve and new minerals were likely not formed. Since the Ca350 biochar did
in fact adsorb phosphate from solution, the possible predominant mechanism for
adsorption in this case may have been through electrostatic interactions that loosely held
phosphate anions on the biochar surface via cation bridging with the Ca2+ and the
negative biochar surface. A similar electrostatic interaction mechanism involving free
Mg2+ ions and phosphate was suggested as contributing to adsorption onto Mgengineered biochar in Yao et al. (2013b).
Unlike the XRD spectra for Ca350P, the Ca550P biochar did show some
discernable peaks (Figure 11). Although the peaks that were identified were unable to fit
the known spectrum for calcite, the peak location was notably different than the prephosphate adsorbed Ca550. The peaks that were determined in the XRD spectrum for
Ca550P did however poorly fit the known spectrum for brushite (CaPO3(OH) × 2H2O)
indicating that new calcium-phosphate minerals were formed after adsorption for Ca550.
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The Mg350 XRD spectrum had several low intensity peaks that were able to be
deciphered from the background noise as matches to the known spectra for both
crystalline cubic periclase (MgO) and hexagonal brucite (Mg(OH)2) minerals (Figure 12).
The low intensity indicates that there was poor mineral crystal formation or an
aggregation of small mineral particles. The presence of these minerals confirmed by the
XRD spectrum is a major finding since recent literature has identified these minerals as
the sites for phosphate adsorption (B. Chen et al., 2011; Zhang et al., 2012; and Yao et
al., 2013b).
The XRD spectrum for the Mg550 biochar also has several peaks, however, at a
higher intensity than the Mg350 biochar that matched the known spectra for both
crystalline cubic periclase and hexagonal brucite minerals (Figure 13). The higher
intensity of the peaks indicates well-formed crystalline structures on the biochar surface.
This finding is crucial because the Mg550 biochar was shown to adsorb much more
phosphate from solution than the Mg350 (discussed in subsequent section). The better
crystalline structure of the Mg550 along with evidence of higher phosphate adsorption
capacity offers support that the phosphate is adsorbing onto the crystalline structures and
that they are the sites of the dominant sorption mechanism occurring which was also
noted in Yao et al. (2013b).
Much like the spectrum for Ca350P, the spectrum for Mg350P was very different
from its pre-phosphate sorption counterpart (Figure 14). Notably, the peaks identified
were much broader and at a lower intensity than Mg350 and no good matches were
identified for known spectrum. There was one new large peak at position 11.5 2θ that
was a high intensity peak, however lack of subsequent peaks that were decipherable from
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the background noise left this peak unidentifiable due to poorly matching known spectra.
Yao et al. (2013b) did however match a peak in this approximate location to the known
spectrum for Mg(H2PO4)2 × 4(H2O). Although unable to determine with certainty, this
lone peak may be evidence of a newly formed magnesium phosphate mineral. Possible
reasons for the change in peak intensity for the rest of the spectrum may be that the
mineral particles have shifted and recombined in a colloidal aggregation formation during
the adsorption process making the XRD peaks difficult to decipher and at a much lower
intensity. Also, the lack of strong identifiable peaks that match the known spectra for
periclase and brucite minerals may indicate that many of these minerals may have
dissolved and possibly free Mg2+ ions precipitated with phosphate anions as well as
formed cation bridging with the biochar surface that acted as the means of phosphate
adsorption for Mg350.
Offering more evidence for the well-formed crystals on the Mg550 biochar, the
XRD spectrum for the post-phosphate adsorbed Mg550 (Mg550P) exhibited several welldefined peaks at locations that matched the known spectrum for brucite in the forms of
Mg(OH)2 as well as MgO × (H2O) (Figure 15). Maintaining the peaks for brucite, paired
with the high phosphate adsorption capacity of the Mg550 biochar, offers evidence that
the crystalline structures are in fact the predominant location for phosphate adsorption.
Similar to the Mg350P XRD spectrum, the Mg550P spectrum also had a lone peak in the
same approximate location as the peak that may possibly describe Mg(H2PO4)2 × 4(H2O)
as in Yao et al. (2013b).
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4.7 SEM-EDS
Results for the scanning electron microscope followed by energy dispersive
spectrometry (SEM-EDS) were very informative for all biochars subjected to this
analysis (Figure 16 through Figure 22). The SEM images of the Mg550 biochar revealed
a craggy, porous biochar surface covered with evenly distributed, flower-like nano-sized
flakes growing on the surface (Figure 16). Upon direct point EDS analysis of one of
these flakes, they were determined to be composed of magnesium and oxygen with some
carbon signals that were clearly from the biochar surface (Figure 17). The Mg and O in
the spectrum coincide with MgO nanoparticles on the surface as described in Zhang et al.
(2012). The nano-sized magnesium flakes are a well-reported morphological structure in
Mg-altered biochars and are hypothesized to be the MgO and Mg(OH)2 nano flakes and
the prime adsorption sites for phosphate (Zhang et al., 2012; and Yao et al., 2013a,b).
Zhang et al. (2012) attributed the very high surface area and phosphate adsorption ability
of the Mg-altered biochar to the way in which the nano-flakes were polycrystalline due to
formation through anisotropic assembly, which is self-assembly of building block-like
structures resulting in a rough surface that increases surface area by increasing the
surface area of the individual nano-sized flakes.
The surface of the post-phosphate adsorbed Mg550 biochar also exhibited nanosized flake structures on the surface, however the morphology of these structures was
different than the Mg550 pre-phosphate adsorption biochar, which indicates newly
formed magnesium phosphate minerals, a similar phenomenon that was also noted in Yao
et al. (2013a; Figure 18). The surface of the Mg550P biochar also had larger particles on
the surface with a more globular structure and point EDS analysis of one of these

44

structures indicated that it was comprised of, most notably, Mg, P, and O, as well as C,
Na, and Au (Figure 19). This EDS spectrum confirms that phosphate was adsorbed onto
the biochar at the sites of the MgO nano-sized flakes on the biochar surface. The
globular Mg-P structures appear to be anchored to the MgO nano-flakes attached to the
biochar surface and nucleate outward forming the globular cluster structures and were
similarly noted in Yao et al. (2013a,b). These unique Mg-P globular clusters indicate that
one possible mechanism for phosphate adsorption is through phosphate precipitation with
free Mg2+ anions forming the Mg(H2PO4)2 × 4(H2O) that may have been in the Mg550P
XRD spectrum. The sodium (Na) found in the EDS spectrum of the Mg550P was likely
from the sodium used in the background solution and also from using sodium phosphate
to make the phosphate solutions. The presence of Na on the surface of the biochar may
be due to electrostatic interactions between the negative biochar surface and the Na+
cation.
Very interestingly, the Ca550 biochar had a much different morphological
structure as shown by SEM (Figure 20). The surface of this biochar appeared to be
highly porous, with pores that were not only numerous, but also seemed to be much
deeper than those in the Mg550. The structure of this biochar resembled something like a
lattice that appeared to have globular flakes on the surface. This lattice structure is likely
the cause of the extremely high surface area of 345.1 m2/g and may be due to Ca2+ ions
that were inside of the plant biomass during pyrolysis that were transformed into Cabiochar nanocomposites, which was also found in Liu et al. (2016). The globular flakes
on the surface of the biochar were likely the result of free Ca2+ ions on the biochar
surface during pyrolysis that were transformed into CaO nano-flakes, a phenomenon that
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was also described in Liu et al. (2016). Point EDS analysis of the globular nano-flakes
confirmed the presence of Ca, O, C, Cl, and Au (Figure 21). The presence of Ca, C, and
O coincide with the XRD results for Ca550 of CaCO3 on the biochar surface, offering
further proof of their existence on the nano-composite biochar. Point EDS analysis was
also completed for the flat surface on the lattice-like structure and was found to have a
similar elemental composition as the globular structure, however there was far less O
present in the lattice (Figure 22). This decrease in oxygen on the flat lattice surface is
likely due to the lack of calcite formation on the biochar surface, but rather the calcium
ions have become imbedded within the biochar matrix resulting in a carbon-calcium
complex that is not crystalline.
4.8 Adsorption experiments
Preliminary liquid to solid phase sorption ratio experiments were completed to
determine the sorption ratio between 20% to 80% for all biochars. During this step, both
unaltered biochars were not shown to adsorb any phosphate and therefore further
adsorption experiments with U350 and U550 were not done. For all other biochars, a
30% sorption ratio was chosen which equated to 30 mg, 30 mg, 10 mg, and 5 mg of
biochar for the Ca350, Ca550, Mg350, and Mg550, respectively.
Adsorption kinetics experiments were also completed for all altered biochars
(Figure 23 through Figure 26). For both Ca-altered biochars, the adsorption equilibrium
concentration was similar at around 12 mg/g and was shown to reach equilibrium after
about 10 days. The phosphate adsorption kinetics for the Mg-altered biochars were
shown to reach equilibrium after about nine days and the sorption equilibrium was higher
for Mg550 at approximately 75 mg/g while the equilibrium for Mg350 was around 50
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mg/g. To ensure that adsorption equilibrium was reached for the biochars, a 14-day
equilibration period was chosen and used for all additional isotherm experiments. It was
very interesting that the biochars used in this study took so long to adsorb phosphate.
Compared to Liu et al. (2016), the Ca-altered biochar was shown to reach equilibrium
after only 500 minutes, and for Mg-altered biochars, Yao et al. (2013b) found that their
samples took less than 30 hours to reach equilibrium. The long time it took the samples
to reach equilibrium in this study may be explained by the hydrophobic nature of biochar
and the time it takes for the phosphate solution to completely wet the biochar and enter
the micro pores. Another explanation could be that the calcite, periclase, and brucite
minerals took time to dissolve during the experiment, after which free Ca2+ and Mg2+ ions
were able to interact with the phosphate in solution.
Isotherm adsorption experiments were conducted for all altered biochars at both
pH 7 and pH 9 to determine the effect of pH on phosphate adsorption and both the
Langmuir and Freundlich models were used for fitting (Figure 27 through Figure 43,
Table 4). In all cases, the Langmuir model out-performed the Freundlich model and the
Langmuir maximum capacity (Q) was compared for all biochars. With a zero-point
charge at pH 9 for calcite (Liu et al., 2016), in theory, more phosphate should be
adsorbed at pH 7 for both Ca350 and Ca550 if ligand exchange plays a predominant role
in the phosphate sorption mechanisms for the Ca-altered biochars. The Ca550 biochar
was shown to adsorb a larger amount of phosphate at pH 7 than at pH 9, as shown in
Figure 32 and Table 4, with Q values of 30.26 and 16.34 mg/g, respectively, and the
difference was significant at the p < 0.05 level. Although the Ca350 biochar at pH 7 did
adsorb more phosphate than at pH 9, the difference was very small and was not

47

determined to be significant. Along with the XRD data, the isotherm data suggest that
ligand exchange may not be the predominant method for phosphate adsorption for Ca350,
rather precipitation and electrostatic interactions may be the driving forces for adsorption.
This may be due to poorly formed calcite minerals on the biochar surface. The isotherm
data for Ca550 on the other hand suggests that ligand exchange may be the predominant
mechanism for phosphate adsorption.
With a zero-point charge of pH 12 for the MgO and Mg(OH)2 nano-sized
oxyhydroxide flakes, the surface is positive at both pH 7 and pH 9 (Zhang et al., 2012;
Yao et al., 2013a,b). The two pH values were chosen because as the pH decreases the
charge magnitude increases, and the Mg oxyhydroxide nano-flakes should have a more
positive surface and if ligand exchange plays a major role in phosphate adsorption, then
the Mg-altered biochars should adsorb more phosphate at pH 7. Very interestingly, this
was not the case for the Mg-altered biochars in this study (Figure 28, Figure 31, Figure
33, and Table 4). As seen in Table 4 and Figure 33, the Langmuir maximum capacity (Q)
of Mg350 at pH 7 (45.03 mg/g) was higher than the Q at pH 9 (39.59 mg/g), however it
was not significantly different at the p < 0.05 level. The Q for the Mg550 biochar at pH 7
(83.52 mg/g) was surprisingly much lower than the Q for Mg550 pH 9 (135.85) and was
shown to be significantly different (p < 0.05). These findings indicate that ligand
exchange onto the Mg oxide nano-composites may not be the predominant phosphate
adsorption mechanisms as noted in previous literature (Zhang et al., 2012; and Yao et al.,
2013a,b). Rather, other mechanisms may be at play such as electrostatic interactions
between free Mg2+, the negative biochar surface, and the phosphate anions; the Mg 2+
essentially forming a cation bridge between the two (Figure 44). Another mechanism
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involved in the phosphate removal efficiency of the biochar is likely the precipitation of
phosphate with free Mg2+ ions as evidenced by the SEM images and XRD spectrum of
Mg550 and Mg550P (described in previous sections). At pH 7, the species of phosphate
present is mainly in the forms of HPO42- and H2PO4- and are likely to form precipitates
with free Mg2+ as MgHPO4 and Mg(H2PO4)2, respectively. At pH 9, the predominate
species of phosphate present is HPO42- and is likely to form MgHPO4 precipitates.
As for the effect of pyrolysis temperature, at pH 7 the Q values for all biochars
were found to be significantly different at the p < 0.05 level, and in order of increasing
phosphate adsorption potential were Ca350 < Ca550 < Mg350 < Mg550 (Figure 34). The
increased phosphate adsorption for the higher temperature biochars may be due to an
increase in biochar surface area as well as better crystalline formation. The isotherms
done at pH 9 however, did not show a similar effect for the Ca-altered biochars although
Q was different, it was not found to be significant (Figure 35). This may indicate that pH
in this case played a larger role in phosphate adsorption than the effect of pyrolysis
temperature. For the Mg-altered biochars at pH 9, pyrolysis temperature did have a
significant effect at the p < 0.05 level, which indicates again that pyrolysis temperature
plays a significant role in phosphate adsorption for these biochars likely through a slight
increase in surface area and better crystal formation.
Overall, based on the Langmuir maximum capacities (Q), the Mg-altered biochars
outperformed the Ca-altered biochars at the respective pH in both cases and were
significantly different at the p < 0.05 level (Figure 27 through Figure 43 and Table 4).
These results indicate that the MgO nano-composite biochar is a better adsorbent material
for phosphate. One possible reason for the better adsorption could be the structure of the
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Mg-nano flakes and the way they were formed through anisotropic assembly as adding to
phosphate adsorption sites. Another reason may be due to the greater increase in
magnitude of the positive oxyhydroxide surface charges for the MgO (ZPC = 12) (Yao et
al., 2013b) compared to the surface charge of calcite (pH = 9) (Liu et al., 2016),
therefore, adsorption via ligand exchange would be greater for MgO than CaCO3 at
solution pH 7. Also, the adsorption mechanisms for the calcium-altered biochars may be
predominately through precipitation as evidenced by the lack of peaks for calcite in both
the Ca350P and Ca550P XRD spectra. This is an indication that the calcite has likely
dissolved during the adsorption process and new calcium-phosphate precipitates were
formed. Perhaps one possibility, as reported by Liu et al. (2016), is the calcium-altered
biochars did not adsorb as much phosphate as their magnesium-altered counterparts due
to a possible larger number of surviving functional groups in the Ca biochars.
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CHAPTER 5

CONCLUSION

5.1 Future research
In order to get a better idea of the mechanisms involved in the phosphate
adsorption onto these biochar, more research is needed. Although several studies have
determined the surface charge of unaltered biochar to be negative, experiments aimed at
determining the surface charge of the biochar used in this study should be completed. It
is also difficult to determine whether the bonds that are occurring between phosphate and
the altered biochar are inner sphere complexes or outer sphere complexes. Desorption
studies would help us to determine the strength of the bonds occurring because it is
difficult to distinguish what portion of the adsorbed phosphate has been made relatively
unavailable due to ligand exchange, chemisorption, or precipitation and what portion is
somewhat available due to being loosely held by cation bridging and electrostatic
interactions. Desorption studies would give a better idea of the feasibility of using the
post-phosphate adsorption biochar as a source of phosphorus for agricultural fields.
Other future research should include microcosm column bench studies to simulate
in-situ ditch filter conditions for phosphate adsorption. Conditions such as pH, runoff
phosphate concentration, competing anions and dissolved organic matter concentrations
should be reproduced in-vivo. Flow column bench studies should also be completed
using the post-phosphate adsorbed biochar at conditions similar to field conditions to
determine phosphate release from the altered biochars. Greenhouse studies should also
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be done where post-phosphate sorption altered biochars are mixed with soil and used as
potting media for plant growth studies.
Experimental ditch filters filled with the altered biochar should also be
constructed to evaluate the potential of using this technology in real life applications.
The post-phosphate adsorbed biochar from these ditch filters should be dug up and
analyzed for phosphorus content as well as other organic and inorganic contaminants. It
is well documented that biochar is able to adsorb a variety of inorganic and organic
compounds, so it is very important to determine if the spent biochar is safe to use as a
slow release fertilizer. If the biochar sorbed other contaminants during the time it was in
the filter system, it may not be safe to apply to agricultural fields for fear of
contaminating the soil, affecting plant growth, or compounds being taken up into the
plant where in certain cases, the contaminant is now in the food chain. With the hope of
potentially using the post-phosphate adsorbed biochar as a slow release fertilizer, it is
increasingly important to determine the in-situ characteristics of the biochar prior to use
as fertilizer. This is especially important if the altered biochar was used in a filter system
at wastewater treatment facilities or confined animal feeding operations (CAFOs) where
the probability of sorbing unwanted contaminants is greatly increased.
5.2 Potential management implications
Not many unaltered biochars have been shown to sorb phosphate, probably due to
biochar having a negative charge that repels the phosphate anion, however Mg altered
biochar was shown to adsorb phosphate, a phenomenon reported in previous literature
(Yao et al., 2011a; and Hale et al., 2013). By chemically pretreating the hardwood
feedstock, this research hopes to create a biochar that will be able to sorb phosphate using
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the magnesium oxide (MgO) periclase particles that form on the biochar surface during
pyrolysis. I predict these particles are acting as phosphate adsorption sites through
electrostatic interaction and ligand exchange with the positive oxide surface. Due to
biochar’s CEC, I also predict cation bridging to occur between divalent/trivalent cations
and phosphate. Although sorption potential will probably be lower for Ca altered
feedstock due to a lower zero point charge (MgO ZPC = pH 12, calcite ZPC = pH 9), I
am predicting a similar mechanism for phosphate sorption with the calcite that forms on
the surface during pyrolysis as found in previous literature (Somasundaran and Agar,
1967; and Yao et al., 2011b). If the calcite solubility is high enough, then calciumphosphate precipitates will occur in the solution.
Determining the phosphate sorption potential through surface characterization,
batch adsorption kinetics, and isotherm experiments of these biochars will help create a
phosphate sorbent material to decrease nutrient pollution. Successful phosphate sorbent
biochar has the potential to be used in agricultural ditch filters and in wastewater
treatment plants to sequester dissolved phosphorus before the agricultural runoff and
treated wastewater are discharged into the environment. Post-phosphate sorption biochar
may also have the potential to be used as a slow release phosphate fertilizer when applied
to agricultural soil. More research as to the phosphate desorption properties of the
phosphate-laden biochar is required to evaluate its potential use as an agricultural
amendment.
5.3 Summary
Concern over impending climate change has sparked interest in research to find
ways to mitigate or lesson the global temperature increase. Biochar can aid in this
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mitigation by two mechanisms; 1. when applied to soil it can be used for long-term
carbon sequestration, and 2. when applied to soil it has been shown to inhibit
denitrification. Sequestering carbon in this manner is a way to decrease atmospheric
CO2, while the inhibition of denitrification reduces N2O emissions from agricultural
lands. These are both harmful greenhouse gasses promoting climate change. An added
bonus to incorporating biochar to the soil is that it has been shown to improve soil
fertility on poorly producing soils. Improving the fertility of poor soils will become
necessary in the coming years to produce enough food for an increasing population. As
the global climate shifts, it will also likely shift the portion of arable land, leaving less
desirable land for growing food.
Aside from climate change mitigation and improving soil fertility, biochar has
also been shown to act as an effective sorbent for many organic and inorganic
contaminants. This offers hope for contaminated soils to be reclaimed by using biochar.
It also adds the possibility to use biochar as a sorbent for wastewater streams. Preserving
or improving the quality of our fresh water resources is crucial to human survival in
many regions of the world as the climate shifts.
In this study and previous works, biochar has shown the potential to effectively
adsorb phosphate by a variety of mechanisms including electrostatic interaction, ligand
exchange, and precipitation with oxyhydroxides. The removal of phosphate from
wastewater streams is necessary to prevent water quality degradation through
eutrophication. Most of the high efficiency biochar phosphate adsorbents are modified
with chemical pretreatment, phytoremediation or anaerobic digestion.
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The purpose of this research was to work towards developing a sustainable
phosphate sorbent material that can be used by farmers in agricultural ditch filters to
reclaim dissolved phosphorus lost from agricultural fields. The research focused on
determining the specific phosphate sorption mechanisms and phosphate sorption potential
of unaltered, Ca-altered, and Mg-altered biochars derived from hardwood feedstock and
altered through chemical pretreatment. The results of this research were significant (p <
0.05) in finding that the Mg550 altered biochar adsorbed the most phosphate from
solution and is therefore likely the best candidate to be used in real life practices for
maximum phosphate adsorption. The mechanisms responsible for adsorption were
shown to be precipitation, electrostatic interaction, and ligand exchange.

55

TABLES
Table 1: Biochar yield, pH, NLDFT surface area, CNHSO elemental composition and elemental composition atomic ratios.

Sample Yield (%)
U350
41.41
U550
23.25
Ca350
56.89
Ca550
50.84
Mg350
42.11
Mg550
35.00

pH
7
9.9
7.65
8.59
10.42
10.56

NLDFT Elemental Composition (%, mass based) Atomic Ratio
Surface
Area
(m²/g)
C
N
H
S
O
C:N
O:C
2.55
74.74
0.21
3.70
0.09
21.25 352.24
0.28
94.48
84.68
0.26
2.66
0.07
12.34 331.91
0.15
46.99
63.31
0.13
3.75
0.03
32.79 502.02
0.52
345.10
68.69
0.16
2.48
0.06
28.62 433.39
0.42
226.50
57.36
0.13
3.57
0.02
38.92 448.46
0.68
231.90
60.16
0.12
2.56
0.04
37.12 502.17
0.62

H:C
0.05
0.03
0.06
0.04
0.06
0.04

(O+N)/C
0.29
0.15
0.52
0.42
0.68
0.62

*Note O is determined through subtraction from the percent mass composition of C, N, H, and S and is therefore likely inaccurate due
to the presence of Mg and Ca in the altered biochars.

56

Table 2: Elemental composition of all biochars and their post-phosphate adsorption counterparts using the EPA 3050b methods of acid
digestion followed by ICP-AES. Missing values indicates a concentration that was below the detection limit for the ICP-AES.
Sample'Name
U350
U550
Ca350
Ca550
Mg350
Mg550
U3500P
U5500P
Ca3500P
Ca5500P
Mg3500P
Mg5500P
Sample'Name
U350
U550
Ca350
Ca550
Mg350
Mg550
U3500P
U5500P
Ca3500P
Ca5500P
Mg3500P
Mg5500P

P

0.001 ±
0.019 ±
1.509 ±
1.679 ±
3.569 ±
4.846 ±

Ca

0.000

0.000
0.008
0.002
0.105
0.009

0.169
0.280
4.608
7.032

0.132
0.244
4.347
6.992

Cu

0.002
0.002
0.005
0.008
0.002
0.002
0.002
0.002
0.005
0.008
0.002
0.002

±
±
±
±
±
±
±
±
±
±
±
±

±
±
±
±
±
±
±
±
-

0.001
0.001
0.065
0.161

0.005
0.012
0.049
0.073

0.145
0.156
0.117
0.120
8.292
13.150
0.148
0.156
0.113
0.099
7.452
11.099

Na

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.069
0.071
0.064
0.067
0.066
0.087
0.114
0.078
0.338
0.082
0.466
0.442

±
±
±
±
±
±
±
±
±
±
±
±

%'mass
K

Mg

±
±
±
±
±
±
±
±
±
±
±
±

0.001
0.003
0.001
0.002
0.225
0.239
0.000
0.004
0.000
0.000
0.086
0.255

0.087 ± 0.018
0.192 ± 0.032
0.008 ± 0.012
0.013 ± 0.011
0.064 ± 0.039
0.047 ± 0.033

0.015
0.013
0.048
0.070
0.007
0.006
0.014
0.013
0.045
0.067
0.006
0.005

±
±
±
±
±
±
±
±
±
±
±
±

0.004
0.004
0.003
0.003
0.002
0.002
0.004
0.004
0.003
0.003
0.002
0.001

%'mass
Fe

S

0.001
0.001
0.001
0.003
0.000
0.004
0.001
0.000
0.006
0.001
0.004
0.009

Zn

0.001
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000

0.017
0.033
0.011
0.155
0.036
0.055
0.014
0.027
0.010
0.152
0.032
0.048
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±
±
±
±
±
±
±
±
±
±
±
±

0.000
0.001
0.002
0.003
0.000
0.001
0.001
0.002
0.001
0.003
0.001
0.001

±
±
±
±
±
±
±
±
±
±
±
±

B

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000 ±
0.004 ±
0.003 ±
0.001 ±
0.001 ±

Pb

0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.001
0.001
0.001

±
±
±
±
±
±
±
±
±
±

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.003
0.010
0.006
0.009
0.019
0.029
0.006
0.010
0.008
0.013
0.024
0.029

Mn

0.001

0.000
0.000

0.000
0.000

Al
± 0.001
± 0.001
± 0.001
± 0.001
± 0.002
± 0.001
± 0.000
± 0.001
± 0.003
± 0.000
± 0.002
± 0.003

0.022
0.028
0.012
0.014
0.011
0.011
0.021
0.027
0.012
0.015
0.010
0.010

±
±
±
±
±
±
±
±
±
±
±
±

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.001
0.000
0.000
0.000
0.000

Table 3: Surface area and pore analysis using N2 adsorption and desorption isotherms by both the DR Method and NLDFT method.

Biochar Surface Area
Surface area
NLDFT
DR Method
Method
Micro Pore Cumulative
Area (m²/g)
Surface
Area (m²/g)
U350
U550
Ca350
Ca550
Mg350
Mg550

1.08
71.23
42.75
362.5
134.5
232.5

2.55
94.48
46.99
345.1
226.5
231.9

Pore volume
NLDFT
DR Method
Method
Micro Pore Cumulative
Volume
Pore
(cc/g)
Volume
(cc/g)
0
0.01
0.03
0.33
0.02
0.16
0.13
0.58
0.05
0.47
0.08
0.35
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Pore size
NLDFT
DR Method
method Pore
Micro Pore
Diameter
Width (Å)
(Å)
20.45
72.47
19.18
13.66
14.77
12.75

45.43
45.43
74.52
7.86
49.03
7.86

Table 4: Isotherm parameters of all isotherms at pH 7 and pH 9 using the Langmuir and Freundlich models for fitting.
Isotherm"Parameters

Ca"350"pH7
Ca"550"pH7
Mg"350"pH7
Mg"550"pH7

Langmuir"Isotherm"Parameters
Q"(mg/g)
K"(mg/L)
R2
19.15"±"1.83 0.011"±"0.00
0.927
30.26"±"1.91 0.01"±"0.00
0.979
45.03"±"4.50 0.010"±"0.00
0.960
83.52"±"12.89 0.008"±"0.00
0.965

Ca"350"pH9 18.92"±"3.32 0.014"±"0.01
Ca"550"pH9 16.34"±"1.02 0.88"±"0.36
Mg"350"pH9 39.59"±"3.61 0.02"±"0.01
Mg"550"pH9 135.85"±"17.1 0.007"±"0.00

0.731
0.847
0.912
0.911

Freundlich"Isotherm"Parameters
n
Kf
R2
1.17"±"0.51 0.443"±"0.08
0.837
1.38"±"0.50 0.486"±"0.07
0.927
1.93"±"1.23 0.483"±"0.11
0.874
2.37"±"1.62 0.566"±"0.13
0.903
1.87"±"1.39
6.31"±"1.19
3.38"±"1.48
3.60"±"1.75
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0.363"±"0.13
0.180"±"0.04
0.404"±"0.08
0.575"±"0.09

0.622
0.800
0.840
0.916

FIGURES

Figure 1: Diagram of biochar production and carbon sequestration along with the
synthetic gas and bio oil co-products and their potential use for energy.
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Figure 2: Diagram of the carbon sequestration potential of biochar (produced from waste
biomass) when applied to soil compared to waste biomass decomposition.
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Figure 3: Diagram of phosphate sorption by electrostatic interaction and ligand exchange
to hydroxide surfaces.
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Figure 4: XRD Spectra of U350 biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the low intensity of peaks and large
background scattering. The program was able to decipher a weak fit for carbon in the form of graphite.
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Figure 5: XRD Spectra of U550 biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the low intensity of peaks and large
background scattering.

64

Figure 6: XRD Spectra of U350 post-phosphate adsorption biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the low
intensity of peaks and large background scattering.
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Figure 7: XRD Spectra of U550 post-phosphate adsorption biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the low
intensity of peaks and large background scattering.

66

Figure 8: XRD Spectra of Ca350 biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the high intensity of peaks were a
good fit for the known spectrum for calcite.
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Figure 9: XRD Spectra of Ca550 biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the high intensity of peaks were a
good fit for the known spectrum for calcite.
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Figure 10: XRD Spectra of Ca350 post-phosphate adsorption biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the
low intensity of peaks, large background scattering, and lack of discernable peaks for calcite.
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Figure 11: XRD Spectra of Ca550 post-phosphate adsorption biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the
new high intensity peak around position 10.5 2θ and the poorly fitting reference spectrum (blue lines) for brushite.
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Figure 12: XRD Spectra of Mg350 biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the peaks were a good fit for the
known spectrums for brucite and periclase.
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Figure 13: XRD Spectra of Mg550 biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the high intensity of peaks were
a good fit for the known spectrums for brucite (blue lines) and periclase (green lines).
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Figure 14: XRD Spectra of Mg350 post-phosphate adsorption biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ.

73

Figure 15: XRD Spectra of Mg550 post-phosphate adsorption biochar. The y-axis is intensity (a.u.) while the x-axis is 2θ. Note the
new peak aorund the 11.5 2θ position and the peaks for brucite.
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Mg550

Figure 16: SEM images of Mg550.

Figure 17: Point EDS spectrum of the nano-flakes on Mg550 at a magnification of 500
nm.
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Mg550-P

Figure 18: SEM images of Mg550P.

Figure 19: Point EDS spectrum for the globular structure in Mg550P at a magnification
of 500 nm.
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Ca550

Figure 20: SEM images of Ca550.

Figure 21: Point EDS spectra for the globular structure on Ca550, magnification at 500
nm.
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Figure 22: Point EDS spectrum for the flat surface on the lattice structure at the
magnification of 3 µm.
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Figure 23: Phosphate adsorption kinetics for Ca350 using 130 ppm phosphate solution.
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Figure 24: Phosphate adsorption kinetics for Ca550 using 130 ppm phosphate solution.
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Figure 25: Phosphate adsorption kinetics Mg350 using 130 ppm phosphate solution.
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Mg 550 Kinetics 130 mg/L Phosphate
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Figure 26: Phosphate adsorption kinetics for Mg550 using 130 ppm phosphate solution.
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Figure 27: Adsorption isotherms for all calcium altered biochars at pH 7 and pH 9. The
solid lines are the Langmuir model.
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Figure 28: Adsorption isotherms for all Mg-altered biochars at pH 7 and 9. The solid
lines are the Langmuir model.
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Figure 29: All adsorption isotherms at pH 7 fit using the Langmuir model.
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Figure 30: All adsorption isotherms at pH 9 fit using the Langmuir model.
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Figure 31: All Langmuir maximum capacity (Q) parameters for all isotherms. In this
case, the error bars represent the 95% confidence interval using the standard error of the
parameter estimate. The bars with the same letter above represent values of Q that are
not significantly different. Bars with different letters above them represent values of Q
that are significantly different at the p < 0.05 level.
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Figure 32: All Langmuir maximum capacity (Q) parameters for all Ca altered biochar
isotherms at pH 7 and pH 9. In this case, the error bars represent the 95% confidence
interval using the standard error of the parameter estimate. The bars with the same letter
above represent values of Q that are not significantly different. Bars with different letters
above them represent values of Q that are significantly different at the p < 0.05 level.
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Figure 33: All Langmuir maximum capacity (Q) parameters for all Mg altered biochar
isotherms at pH 7 and pH 9. In this case, the error bars represent the 95% confidence
interval using the standard error of the parameter estimate. The bars with the same letter
above represent values of Q that are not significantly different. Bars with different letters
above them represent values of Q that are significantly different at the p < 0.05 level.
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Figure 34: All Langmuir maximum capacity (Q) parameters for all altered biochar
isotherms at pH 7. In this case, the error bars represent the 95% confidence interval using
the standard error of the parameter estimate. The bars with the same letter above
represent values of Q that are not significantly different. Bars with different letters above
them represent values of Q that are significantly different at the p < 0.05 level.
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Figure 35: All Langmuir maximum capacity (Q) parameters for all altered biochar
isotherms at pH 9. In this case, the error bars represent the 95% confidence interval using
the standard error of the parameter estimate. The bars with the same letter above
represent values of Q that are not significantly different. Bars with different letters above
them represent values of Q that are significantly different at the p < 0.05 level.
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Figure 36: Ca350 at pH 7 adsorption isotherm model fitting using both the Langmuir and
Freundlich models.
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Figure 37: Ca350 at pH 9 adsorption isotherm model fitting using both the Langmuir and
Freundlich models.
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Figure 38: Ca550 at pH 7 adsorption isotherm model fitting using both the Langmuir and
Freundlich models.
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Figure 39: Ca550 at pH 9 adsorption isotherm model fitting using both the Langmuir and
Freundlich models.
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Figure 40: Mg350 at pH 7 adsorption isotherm model fitting using both the Langmuir and
Freundlich models.
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Figure 41: Mg350 at pH 9 adsorption isotherm model fitting using both the Langmuir and
Freundlich models.
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Figure 42: Mg550 at pH 7 adsorption isotherm model fitting using both the Langmuir and
Freundlich models.
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Figure 43: Mg550 at pH 9 adsorption isotherm model fitting using both the Langmuir and
Freundlich models.
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Figure 44: Schematic of the phosphate sorption mechanisms of unaltered, Ca-altered, and
Mg-altered biochars. The unaltered biochar is covered in negative charges, repelling the
phosphate anion. The Ca-altered biochar has phosphate on top of calcite, indicating
strong ligand bonds, phosphate near Ca cations indicating electrostatic interactions
(cation bridging), and various calcium phosphate precipitates (Ca-P in diagram). The Mgaltered biochar has phosphate on top of periclase/brucite, indicating strong ligand bonds,
phosphate near Mg cations indicating electrostatic interactions (cation bridging), and
various magnesium phosphate precipitates (Mg-P in diagram). The diagram also shows
phosphate in solution as well as the free Ca2+ and Mg2+ ions.
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